Abstract | A large number of different dietary approaches have been studied in an attempt to achieve healthy, sustainable weight loss among individuals with overweight and obesity. Restriction of energy intake is the primary method of producing a negative energy balance leading to weight loss. However, owing to the different metabolic roles of proteins, carbohydrates and lipids in energy homeostasis, diets of similar overall energy content but with different macronutrient distribution can differentially affect metabolism, appetite and thermogenesis. Evidence increasingly suggests that the fuel values of calories provided by distinct macronutrients should be considered separately, as metabolism of specific molecular components generates differences in energy yield. The causes of variation in individual responses to various diets are currently under debate, and some evidence suggests that differences are associated with specific genotypes. This Review discusses all available systematic reviews and meta-analyses, and summarizes the results of relevant randomized controlled intervention trials assessing the influence of macronutrient composition on weight management. The initial findings of research into personalized nutrition, based on the interactions of macronutrient intake and genetic background and its potential influence on dietary intervention strategies, are also discussed.
Introduction
The general consensus is that overweight (BMI 25-30 kg/m 2 ) and excessive fat accumulation result from a higher calo rific intake than energy expenditure. 1 Experts also concur on the applicability of the laws of thermodynamics within living organisms, in terms of body energy balance. 2 Less agreement is evident on the specific contributions of vari ous aetiological factors, such as the proportions of diet ary macronutrients (fats, proteins and carbohydrates), the quantitative importance of physical activity patterns and the influence of genetic factors to the rising levels of obesity (BMI >30 kg/m 2 ) observed in many countries; globally, obesity has increased from 28.8% to 36.9% in men and from 29.8% to 38.0% in women during the past 33 years. 3 The excessive accumulation of body fat is associated with various health risks, most of which are linked to increased allcause mortality, 4 despite some apparent controversies regarding this issue. 5, 6 However, to what extent individuals should be held accountable for the macronutrient composition of their diet, and the exact relevance of individual macronutrient intake to the energy equation are unclear. [7] [8] [9] Primary care strategies and publichealth policies to combat obesity mainly focus on restriction of dietary carbohydrate and fat intake, together with promotion of physical activity. 10 Various factors have been suggested as risk factors for obesity: infectious or inflammatory agents; high maternal age; that women with overweight often have more children than normalweight women; that the partners of people with obesity are likely to also have obesity; chronobiological and sleep disorders; endo crine dysfunction; adverse effects of drugs; uncontrolled environmental and climate circumstances; and epigenetic mechanisms (including intrauterine or transgenerational influences). 11 Improved understanding of the mecha nisms through which these risk factors lead to excess weight gain might help the development of personalized, comprehensive and effective strategies for prevention and treatment of this global epidemic. 12 In this context, the prevention and management of excessive weight gain or changes in body composition can be achieved through various approaches. 13 Dietary approaches include calorie restriction, macro nutrient distribution shifts within unlimited or restricted calorific intake patterns and the inclusion of satiating or thermo genic food components, such as fibre, proteins and curcumin. Lifestyle inter ventions combine dietary modifications (such as meal replacement plans) and exercise or activity programmes. Surgery is also an option, although it is not discussed in this Review. [14] [15] [16] The specific contribution of individual macronutrients to promotion of weight loss in individuals with obesity has received growing attention, with the aim of overcom ing the metabolic difficulties and poor compliance associ ated with strict energyrestricted diets 17 and determining whether calories derived from different macronutrients have equivalent fuel values for the body. 18, 19 The roles of each macronutrient and their specific subtypes or com ponents (that is, different protein sources, specific sugars, amino acids or fatty acids) beyond total energy intake are still under debate, as is the way each person metabolizes different macronutrients. 19 A myriad of nutritional plans and dietary approaches have, therefore, been designed to reduce energy intake or metabolic efficiency, including intermittent fasting, lowcarbohydrate diets or lowfat diets, lowglycaemicindex foods or wholegrain foods, highfat and highprotein models, Mediterranean type food patterns, or other feeding regimens based on increased consumption of antioxidants or other bio active compounds. [20] [21] [22] Many of the various commercially avail able dietary interventions are successful in the short term, but often fail to achieve longterm weight control, which has been explained by poor longterm compli ance and resistance to weight loss attributed to a genetic predisposition to retain or maintain body weight under ci rcumstances of energy deficit. 23 Body weight homeostasis is under the control of meta bolic influences that are closely related to body compo sition, energy metabolism and obesity, such as appetite, adipocyte differentiation and adipogenesis, mitochon drial functions, lipid turnover, thermogenesis and cel lular efficiency. [24] [25] [26] Given that all of these processes are to some extent genetically regulated, a customized, g enotypedriven prescription of dietary approaches might be an effective form of weight management. 25 How, and to what extent, an individual phenotype might be influ enced by genomic, genetic and epigenetic factors (such as Key points ■ The relative contributions of different aetiological factors to obesity remain to be fully defined, although the importance of different dietary macronutrients, physical activity patterns and genetics is acknowledged ■ Improved understanding of the mechanisms of weight gain and obesity might lead to comprehensive and efficient strategies to prevent and ameliorate this global epidemic ■ Studies of the roles of individual macronutrients in weight management are needed to define whether diets of similar calorific content but different composition differentially affect energy yield and utilization ■ Experts generally agree that weight-loss strategies should aim to not only reduce body fat in the short term, but also achieve long-term maintenance of healthy body weight ■ The study of gene-nutrient interactions and the differential effects of genotype on macronutrient utilization might identify personalized strategies for effective weight loss and maintenance of healthy body weight single nucleotide polymorphisms, copy number varia tion, nucleotide repeats, insertions or deletions, altera tions in telomere length and epigenetic changes) that directly affect the metabolism and utilization of foods and accompanying components remains to be determined. 26 The integration of this new know ledge into nutritional research to achieve evidencebased personaliza tion of nutritional advice is a major challenge in the prevention of obesity and related diseases. 27, 28 In this Review, we suggest that the global obesity epi demic could be addressed through a combination of p ublichealth strategies focused on promoting sensible diets and lifestyles that can benefit the general population of healthy but obese individuals, together with personal ized, genotypebased recommendations. We present a reappraisal and update of the available evidence in this area and assess the efficacy of dietary macro nutrient com position on weight loss. We critically review the results of randomized controlled trials (RCTs) designed to accomplish weight loss by manipulating the distribution of energyyielding macronutrients, and describe various examples of gene-nutrient interactions with differential effects on weight loss that depend on both genotype and macronutrient intake.
Dietary macronutrient composition
Research is currently focused on unravelling the opti mal macronutrient distribution for achievement of sus tainable weight loss using both energyrestricted and un restricted diets. The specific roles of different metabolic processes involved in weight management (appetite, thermogenesis and adipogenesis) are being actively investigated, mainly through RCTs. 29, 30 Systematic reviews of the literature and metaanalyses are also being conducted to ascertain the singular role of d ifferent m acronutrients (Table 1) .
Owing to the specificity of the research question or the nature of the hypothesis to be tested, some trials of weight loss diets with altered macronutrient composition have not been included in metaanalyses or systematic reviews. However, some of the omitted trials provide unique infor mation about the underlying mechanisms and metabolic aspects of weight loss that have potential nutritional ap plications in healthy weight management (Table 2) .
Carbohydrates

Meta-analyses and systematic reviews
The link between sugar consumption and body weight in both children and adults has been investigated through an extensive metaanalysis of data from 30 RCTs and 38 cohort studies. 31 Trials in adults with unrestricted food intake showed that reduced consumption of dietary sugars, achieved by limiting consumption of sugar containing foods, or substituting highsugar foods for lowsugar alternatives, led to a statistically significant reduction in body weight (of 0.80 kg) compared with controls. High dietary sugar intakes (which were pre dominantly linked to increased consumption of sweet ened beverages) led to a comparable weight increase (0.75 kg) compared with controls. The researchers con cluded that the changes in body weight due to variation in the consumption of sugars were related to differences in total energy intake, but not to the complexity or quality of carbo hydrates, which was not in agreement with the conclusion s of another similar metaanalysis. 32 A Cochrane review evaluated the outcomes of 202 par ticipants with overweight or obesity who were assigned to either a lowglycaemicindex diet or a control diet over a period of 5 weeks to 6 months. Following the lowglycaemicindex diet resulted in a significant weight reduction of 1.1 kg versus following the control diet. The researchers concluded that reducing glycaemic load is advisable to facilitate weight loss. 33 Canadian re searchers who conducted a review of clinical evidence on the effects of lowglycaemicindex and lowglycaemicload diets on weight loss found that the specific effects of these two approaches could not be ascertained from clinical trial outcomes alone. 34 In addition, their results suggested that a reduced calorific intake was the basis of successful weight reduction, although glycaemic index (and other factors) could have a role. Nevertheless, the possible effect of dietary glycaemic index or glycaemic load has yet to be proven in RCTs with longterm followup. 34 The safety, efficacy and optimum level of carbohydrate restriction in lowcarbohydrate diet is hotly debated, and has been addressed in a systematic review. 35 This analysis included 94 studies, comprising 3,268 adult participants who received a dietary intervention lasting 4 days or more, and involving energy restriction of at least 500 kcal daily. Low carbohydrate consumption was associated with reduced calorific intake and a long intervention period. The researchers reported a trend towards increased weight loss for diets with reduced carbo hydrate content: -3.6 kg for <60 g daily versus -2.1 kg >60 g daily. 35 It should be mentioned that the dietary interventions des cribed in this systematic review were not isocaloric, thus the weight loss associated with reduced carbo hydrate intake might be to some extent caused by a general re duction in energy intake.
Clinical trials
The CARMEN study 36 investigated the role of different carbohydrate sources (simple versus complex sugars) in lowfat but calorieunrestricted diets, compared with a control unrestricted diet, on the success of weight loss in adults with overweight or obesity. The study suggested that a reduction of 10% fat content in calorieunrestricted diets led to an effective reduction in body weight and fat mass, regardless of the complexity of the carbohydrates. 36 By contrast, exchanging dietary sugars for complex carbo hydrates with a similar energy content did not result in a significant change in body weight, which confirmed the outcomes of earlier similar trials. Systematic review and meta-analysis of high protein (>25% total energy intake) versus control >1 year Differences of 5% in protein intake led to nearly 1 kg reduction in fat mass compared to normal protein intake (P = 0.038) *Systematic reviews, meta-analyses of randomized controlled trials and cohort studies.
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REVIEWS
Although lowglycaemicindex and highprotein diets are quite popular, their effects on weight loss have not been thoroughly compared in appropriately controlled trials. In one trial, 129 young adults with overweight or obesity were randomly assigned to one of four different diets that lasted 12 weeks. 37 The test diets consisted of 55% carbohydrates with either a high or lowglycaemic index, or 25% protein and either a high or low glycaemic index. 37 All four intervention groups experienced similar weight loss (ranging from -6.2% to -4.8%). However, the high protein, lowglycaemicindex diet specifically promoted a reduction in body fat, whereas the high carbohydrate, lowglycaemicindex diet elicited a c linically relevant cardiovascul ar risk reduction.
Another intervention trial examined the effects of a highglycaemicload diet versus a lowglycaemic load diet, both resulting in a 30% energy restriction, in 34 healthy but overweight adults. 38 Weight loss in both groups was similar after 1 year (-8.0% and -7.8% in high glycaemicload and lowglycaemicload groups, respec tively). In another trial, lowglycaemicindex diets helped to maintain weight loss. 39 After 8 weeks following either a lowglycaemicindex or a highglycaemicindex diet, both representing a 30% energy restriction, participants from the lowglycaemicindex group lost significantly more weight than those consuming a highglycaemicindex diet (-5.3% versus -2.9%). Moreover, weight regain 1 year after the intervention was only significant in the group allocated to the highglycaemicindex diet. 39 Given these interest ing and promising outcomes, the authors hypothesized that lowglycaemicindex diets might result in favour able physiological adaptations during energy restriction that facilitate weight loss as well as preventing longterm weight regain. 39 Finally, another trial compared the efficacy of four popular weightloss diets: Atkins (20-50 g daily carbo hydrates); Ornish (high carbohydrate content, maximum 10% fat); Zone (30% protein, 30% fat, 40% carbo hydrates) and Learn (55-60% carbohydrates). 40 In this trial, 311 pre menopausal women with overweight or obesity were ran domly assigned to follow one of these diets for 12 months. The Atkins diet group had more weight loss than the other three groups (-4.7 kg Atkins, versus -1.6 kg Zone, -2.6 kg Learn and -2.6 kg Ornish), showing significant differences with the Zone diet group. No adverse effects were obser ved after 12 months in patients following the Atkins diet, 40 which was in accordance with the results of previous shortterm studies and critical reviews. 22, 41, 42 However, the authors could not establish whether the increased weight loss was due to the reduced carbohydrate content or the increased amount of protein in the Atkins diet. 40 
Fats
Meta-analyses and systematic reviews Associations between fat intake and body weight have been summarized in several critical reviews and analyses; 33 RCTs (73,589 participants) and 10 cohort studies were screened to establish the effects of low, versus normal levels of dietary fat intake on body weight. 43 These out comes were assessed in studies of durations ranging from 6 months to >8 years, and in both children and adults; despite this heterogeneity, similar trends were reported. 43 A metaanalysis of data from 57,735 participants in these trials revealed that a low total dietary fat intake is linked to a reduction in body weight (-1.6 kg) compared with a normal fat intake. Baseline fat intakes ranged from 28% to 43% of total energy, and decreasing fat intake in par ticipants with a low baseline fat intake was associated with additional weight loss relative to controls. These findings confirmed the results of a previous meta analysis pub lished in 2000, where reducing dietary fat intake was clearly associated with an improvement in weight loss in participants receiving unrestricted diets. 44 Clinical trials A total of 771 individuals with obesity in the NUGENOB study (mean BMI 35.6 kg/m 2 ) from eight clinical centres in seven European countries underwent a 10week dietary intervention to compare two lowenergy diets (both involving a reduction in calorific intake of 600 kcal daily) of different fat content. 45 However, weight losses were similar in both groups (6.7 kg and 6.9 kg), despite the differences in fat content.
A Mediterranean diet is considered to protect against features of the metabolic syndrome, such as increased central adiposity. A pilot prospective dietary intervention study compared the effects of two Mediterranean dietary patterns, supplemented with either olive oil or nuts, to that of a lowfat Western diet on features of the metabolic syndrome in 1,224 participants from the PREDIMED multicentre trial. 46 The three intervention groups received specific advice to adhere to their diet. Despite all diets being unrestricted in terms of calorific intake, and the Mediterranean diets containing more fat than the control diet, no significant differences in body weight between the three groups was observed after 1 year. 46 The role of dietary fat in weight loss is hard to define. For example, diets involving either reduced carbohydrate intake or increased protein intake are likely to result in increased fat intake. The desired outcomes of a dietary intervention (weight loss and improved body composi tion) are expected to be accompanied by improvements in risk factors for metabolic diseases, particularly dyslipi daemia and impaired glucose metabolism. 47 However, the available literature does not always agree on the additional benefits of dietary interventions beyond weight loss.
Proteins
Highprotein diets have been widely studied in rela tion to the reduction of body weight and fat mass. In a metaanalysis, 48 highprotein diets were associated with increased satiety. Furthermore, in eight of the 15 trials included in this metaanalysis, highprotein diets led to greater weight loss than lowprotein diets. However, protein content had a neutral effect on weight loss in the remaining seven trials. The authors of this analysis con cluded that high dietary protein intake was associated with significantly increased thermogenesis and decreased appetite. 48 These results indicate that the partial substitu tion of highglycaemicindex carbohydrates with protein rich foods that are low in saturated fat might be a feasible dietary recommendation. A subsequent large, randomized trial showed that diets with moderate protein content and a modest reduction in glycaemic index were associated with improved compliance and were specifically useful in preventing weight regain. 49 Low-carbohydrate, high-protein diets
Meta-analyses and systematic reviews
One metaanalysis compared energyrestricted, lowfat diets to verylowcarbohydrate ketogenic diets, which were prescribed to individuals with obesity for >1 year. Weight loss was significantly greater in participants receiving no more than 50 g carbohydrate daily (10% of total caloric intake) than in those on lowfat diets. 50 However, the lack of an adequate description of the protein and fat content of the studied diets means that the observed weight loss cannot be attributed to the speci fic role of protein or fat. The researchers also reported an increase in levels of LDL cholesterol in the group following a verylowcarbohydrate regimen, and these results must be carefully examined, as they might represent an increase in risk of cardiovascu lar disease. 50 Although their longterm effects and safety (especially with regard to ketosis and rises in LDL choles terol levels) remains unresolved, diets low in carbo hydrates and high in protein have been proposed as a possible alter native to the traditional dietary recommendations for weight loss in primary care health services. 51 Another metaanalysis compared the changes in body weight associated with energyunrestricted, low carbohydrate diets and energyrestricted, lowfat diets in 447 participants from six trials selected using the Cochrane Collaboration search strategy. 52 After 6 months, individuals on lowcarbohydrate diets had more substan tial weight loss than those on lowfat diets (weighted mean difference -3.3 kg in favour of the lowcarbohydrate diets). After 1 year, however, the energyunrestricted, low carbohydrate diets were at least as effective for inducing weight loss as the energyrestricted, lowfat diets.
A combined systematic review and metaanalysis pooled data from RCTs of dietary interventions lasting ≥6 months in people with overweight or obesity who either did or did not have type 2 diabetes mellitus. 53 The effects of diets with different macronutrient distributions (lowcarbohydrate, highprotein or lowglycaemicindex) or specific nutritional requirements (vegetarian, vegan, highfibre or Mediterranean) were compared, either to each other or to reference standard diets (lowfat, highglycaemicindex, American Diabetes Association, European Association for the Study of Diabetes or low protein), with regard to effects on glucose regulation, lipid metabolism and weight management or weight loss. 53 Interestingly, the Mediterranean and lowcarbohydrate diets produced the greatest weight loss (-1.84 kg and -0.69 kg from baseline, respectively), and were also associ ated with the greatest improvements in cardiovascular risk markers. Another metaanalysis of 24 randomized trials involving 1,063 adult participants assessed the effect on weight loss of modifying the carbohydrate:protein ratio in energyrestricted, lowfat diets with similar energy and fat content. 54 The average intervention duration was 12.1 ± 9.3 weeks. Diets with the highest protein content produced the most favourable, significant reductions from baseline in body weight (-0.79 kg) and resulted in an inter esting mitigation of the loss in lean mass compar ed with the reference standard diets. 54 Finally, a systematic review and metaanalysis pub lished in 2014 55 analysed the longterm effects of increased protein intake on body weight and fat mass. The 32 iden tified studies compared dietary advice promoting high protein and low carbohydrate intake with control dietary patterns. The authors concluded that a minimum differ ence of 5% in daily intakes (higher protein and lower car bohydrate) promoted improved weight loss, and resulted in up to 1 kg less fat mass, even in the long term. 55 How ever, these researchers also point out the high drop out rates in these trials, and stress the importance of th orough followup and correct implementation of the dietary change advice. 55 Indeed, adherence to dietary recommen dations, and improving success rates, are issues that also need attention in future studies.
Evidence from clinical trials
Short followup periods and substantial dropout rates are common problems observed in RCTs. 49, 56 For example, a 2year nutritional intervention (DIRECT) was designed and developed to test the efficacy of three different diets. 57 In this trial, 322 adults with mild obesity were allocated to a lowfat energyrestricted diet, a Mediterranean energyrestricted diet, or to a low carbohydrate, energy unrestricted diet. The groups following the Mediterranean and lowcarbohydrate diets lost similar amounts of weight (4.4 kg and 4.7 kg, respectively), whereas the lowfat diet group lost significantly less weight (2.9 kg). Dietary com ponents other than macronutrients could be involved in these different outcomes, as could differences in genetic makeup and adherence to the intervention. Indeed, the authors suggested that personal preferences and metabolic status should be considered when selecting dietary inter ventions for individualized treatment of obesity, given that dropout rates in the three groups also showed statistically significant differences. 57 Overall, the consistent notion emerges that low carbohydrate and highprotein diets result in improved weight management. These positive associations were detected despite the heterogeneity of the included studies in design, recruitment criteria and duration, as well as in the participants' age, ethnic and genetic backgrounds. However, following a lowcarbohydrate diet is also asso ciated with increased allcause mortality, 58 impaired flowmediated dilatation 59 and increased levels of LDL cholesterol, 50 although contradictory evidence exists on the last point. 41 Some researchers have suggested that stressing the modest benefits observed for particular types of diet or macronutrient contents should be discouraged, given the lack of longterm evidence. 60 
Mixed dietary restrictions
Meta-analysis and systematic reviews Diets with different levels of energy restriction (for exam ple, a total energy content <1,000-1,200 kcal, or an energy deficit of ~600 kcal daily, or a 30% deficit in esti mated daily energy requirements) have been prescribed with general success in the shortterm. 61, 62 Several meta analyses have studied the differential effects of diets with a lowglycaemic index or lowglycaemic load, 63 high fat content, 64 or high protein content 65 on obesityassociated health risks. Lowglycaemicindex and lowglycaemic load diets reduce fasting insulin and Creactive protein levels, which might (to some extent) prevent the develop ment of type 2 diabetes mellitus or ameliorate the habitual lowgrade inflammatory state associated with obes ity. 63 These metaanalyses 64, 65 as well as other systema tic reviews 41, 66 could not prove additional beneficial or deleteri ous longterm effects associated with adherence to highfat or highprotein diets.
Clinical trials
Two calorierestricted diets high in either protein (30% of calorific intake) or carbohydrate (55% of calo rific intake), both with moderate fat content (30% of total calorific intake) were compared in women with obesity (BMI >30 kg/m 2 ) over a 10week study period. 67 Individuals in the highprotein group lost significantly more weight than those in the highcarbohydrate group (a difference of 4.4 kg), which was mainly due to increased loss of fat (3.7 kg of the total) as losses of lean mass were similar in both groups. Postabsorptive lipid oxidation remained constant in the highprotein group, but decreased by 48% in the highcarbohydrate group. These results suggest that the partial substitution of carbo hydrate with protein is a feasible strategy for reducing fat mass while preserving lean mass.
Furthermore, the 2year POUNDS LOST study, con ducted in 811 adults with overweight, was designed to dis tinguish the effects of individual dietary macro nutrients on weight loss. 56 The researchers compared four differ ent diets, which were either low or high in fat (20% or 40% of total energy, respectively) and had either average or high protein content (15% and 25%, respectively). 56 After 6 months, the mean weight loss in all four groups was 6 kg. Despite some weight regain after 12 months, the 80% of participants who completed the trial had an average weight loss of 4 kg, which again was similar in all groups. The authors concluded that energy restric tion has a key role in successful weight loss, re gardless of dietary composition. 56 
Exercise-related interventions
The effects on body weight of diets with different ratios of carbohydrate to protein, with or without aerobic exer cise, have also been investigated. In one study, 68 44 women with overweight or obesity were assigned to one of two energy restricted dietary programmes (carbohydrate:protein ratios of either 3:1 or 1:1), with or without regular exer cise. 68 After 12 weeks, women in the highprotein diet plus exercise group had lost an average of 7.0 kg, whereas the control (standardprotein diet, no exercise) group achieved an average weight loss of 2.1 kg. The high protein, noexercise group also achieved an average weight loss of 4.6 kg. Given these results, authors emphasized the potential for synergistic effects of altered macro nutrient distribution in combination with exercise as a weightloss strategy. However, the effectiveness of exercise as a weight loss strategy has not been fully established. 69, 70 Increased physical exercise was not unequivocally identified as an independent cause of weight loss except in highly active individuals, in an extensive review 69 and metaanalysis. 70 In the same analysis, no synergistic effects on body weight were detected between lowcalorie diets and exercise. 70 Although the benefits of regular physical activity include improved cardiovascular health and maintenance of skeletal muscle mass, [71] [72] [73] the specific role of exercise in weight loss and maintenance of healthy body weight, and the effects of dietary macro nutrient di stribution on this association, remain to be elucidated. 69 As weight loss is strongly advised in patients with type 2 diabetes mellitus and overweight or obesity, an intensive lifestyle intervention including restricted energy intake could potentially decrease the excess cardio vascular risk and mortality in this group. 74 In the LOOK AHEAD project, a total of 5,145 patients with type 2 diabetes mel litus and overweight or obesity from 16 study centres were randomly assigned to receive either an intensive lifestyle modification focused on weight loss through a combina tion of diet and exercise, or a control intervention con sisting of diabetes support and education. The intensive lifestyle intervention resulted in a marked reduction in body weight after 1 year (8.6% versus 0.7% in the control group), although weight regain substantially reduced this value to a nonsignificant 2.5% by the time the study had ended. 74 Data from the previously discussed clinical trials seem conflicting in some aspects. For example, although energy restriction is always a key factor in reduction of body weight, in some studies the best outcomes were reported for diets with unrestricted calorific intake, which was attributed to their macronutrient distribution (moder ately high protein levels and low glycaemic index). Other factors, such as age, sex, ethnicity, physical activity level, personal phenotypic features and indi viduals' specific dietary circumstances, as well as genetics, might explain some discrepancies in these trials. For example in the Weight Loss Maintenance trial, the mean weight loss after 6 months was 5.8 kg, but the investigators highlighted the existence of weight loss differences that were dependent on ethnicity and sex. 75 In summary, caution is advised regarding the appropri ate message for health professionals to deliver in pri mary and secondary prevention settings. Questions remain over whether highprotein diets should be promoted for weight loss, as the effectiveness of these diets is not unequivocal, and over what protein level is optimal. Furthermore, the role of specific sugars (simple versus complex), fatty acids with different saturation levels (eicosapentaenoic acid, docosahexaenoic acid or palmitoleic acid), specific amino acids (leucine, arginine and branchedchain amino acids) and bioactive compounds (curcumin or polyphenols) associated with weight loss remains to be in vestigated through specific RCTs.
In line with consensus guidelines published by the American College of Cardiology, American Heart Asso ciation and The Obesity Society for management of over weight and obesity in adults, 76 trials should ideally have a duration of at least 24 months, and should aim to improve adherence to dietary strategies, possibly through addi tional emphasis on personalized criteria (such as likes, dis likes, family history and allergies). In the meantime, from a conservative and practical standpoint, moderately high protein diets deriving up to 35% of their total caloric value from proteins, mainly from vegetable sources and lowfat animal products are not disadvantageous, and adherence to such diets might be associated with improved health outcomes as well as additional weight loss compared with traditional highcarbohydrate diets.
Personalized nutrition
Genetics Approximately 25-70% of body weight variability is influ enced by genetics, and >600 chromosomal regions could be implicated in the heritability of obesity. 24, 77 Indeed, ~50 candidate genes have been associated with the regulation of energy metabolism, 78 including some rare variants asso ciated with monogenic forms of obesity that have variable penetrance, such as the genes encoding leptin, 79 the leptin receptor 80 or the melano cortin 4 receptor. 81, 82 In addition, a wide range of common genetic variants each with small individual contributions to the heritability of obesity have been identified, predominantly through linkage analysis, candidategene studies and genomewide association studies. 2, 83 From a systems biology perspective, this endo genous variability in responses to nutrition can be partly explained by generegulated mechanisms of absorption, biotransformation, metabolism, distribution or excretion of nutrients and food components. 84 Studies of geneenvironment relationships have shown that variations in genes involved in nutrient metabolism and transport affect requirements of specific nutrients. 27 Indeed, studies on the influence of genetic variants on dietary response patterns are paving the way for personalized management of obesity. 28 Despite some ethical and methodological concerns over the use of genetic testing to support personal ized nutrition, 85, 86 directtoconsumer tests for genetic predisposition to a range of diseases are already available, 87 which suggests that similar tests might eventually be devel oped to identify polymorphisms associated with obesity. Advances in nutritional research and the development of 'omics' technologies have greatly improved our ability to identify new candidate genes and genetic variants puta tively involved in gene-nutrient interactions. Given the nature and pace of this development, there is enormous potential for the development of personalized diets based on genotype.
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Gene-nutrient interactions Gene-nutrient interactions have been assessed through crosssectional or retrospective case-control studies, controlled intervention trials applying linkage analysis approaches, candidategene screening or genomewide association studies. 88 These strategies have focused on genes related to appetite control, energy and lipid metab olism, 25, 83 adipocyte function and inflammation. 89, 90 For example, weight loss in response to a given diet ary inter vention has been assessed in carriers of different alleles of a gene associated with energy homeostasis. 91 The ability to give dietary advice based upon an indi vidual's genetic makeup might improve their longterm weight regulation. For example, the influence of genotype has already been demonstrated in the context of responses to sugarsweetened beverages 92 or highfat (fried) food 93 in persons with a high genetic risk of obesity.
Researchers have investigated the way in which a spe cific diet or its macronutrient content might differentially affect weight loss (Table 3) , depending on the presence of certain single nucleotide polymorphisms (SNPs). Within the POUNDS LOST study, diets with a high protein con tent (30% of total calorific intake) were associated with greater weight loss in individuals with obesity who are carriers of the A allele of SNP rs1558902 in FTO (encod ing αketoglutaratedependent dioxygenase). 94 Also in the POUNDS LOST study, a significantly greater decrease in fasting glucose and insulin resistance was detected in res ponse to a lowfat diet, in indi viduals with obesity who are homozygous for the T allele of the SNP rs2287019, in GIPR (which encodes gastric inhibitory polypeptide receptor). 95 A trend has also been identified in indi viduals with obesity who are homozygous for the T allele of rs12255372 in TCF7L2 (encoding transcription factor 7like 2), 96 who seem to achieve improved weight loss in response to a lowfat (20-25% of total calorie intake) diet after ≥2 years. Individuals homozygous for the A allele of SNP rs987237 of TFAP2B, encoding transcription factor AP2β, lost more weight with a lowcalorie, lowfat diet, while indi viduals homozygous for the G alleles responded in an opposite manner. 97 However, in spite of some encourag ing findings, no statistically significant associations have been found between genotype and improved weight loss in response to lowfat diets. 95, 96 Dietary fat 98 and fibre 99 intakes are also associated with the efficacy of weight loss in individuals carrying the T allele of SNP rs7903146 in TCF7L2. Adults with obesity who are homozygous for the T allele of rs7903146 lost significantly more weight in response to lowfat, energy restricted diets than did noncarriers of this allele after 10 weeks of intervention. 98 The TULIP study results 99 also demonstrated an association between increased weight loss and high dietary fibre intake (>25 g daily) in indi viduals homozygous for the C allele of SNP rs7903146. This association was not detected in carriers of the T allele. 99 In another trial, individuals homozygous for the A allele of the 3,826 A/G SNP (rs1800592) in UCP1 (encoding mitochondrial brown fat uncoupling protein 1) experienced increased weight loss in response to low calorie meal replacements containing mixed rice, but not those containing white rice. 100 The interactions of diet with lifestyle modifications such as increasing levels of exercise and physical activity are also of relevance to genotypebased dietary strategies, although the interactions between diet, genetics and exer cise are not well studied. However, a study published in 2013 found that individuals homozygous for the C allele of SNP rs1800497 in ANKK1 (encoding ankyrin repeat and protein kinase domain containing protein 1) had increased weight loss in response to a calorierestricted diet in con junction with resistance training. 101 This weight loss was apparently exercisedependent. 101 In summary, these observations raise questions as to what kind of individualized dietary advice should be based on an individual's genetic makeup. 101 For example, in noncarriers of alleles associated with risk of obesity linked to sugarsweetened beverages 92 or fried foods, 93 perhaps consumption of these foods need not be discouraged. Of course, sensible, evidencebased general recommenda tions should prevail, albeit without disregarding the devel opment of personalized dietary advice. 85, 102 At this stage, the data from current studies on the inter action between genes and nutrition cannot be immediately translated into clinical practice. Prospective intervention studies, in which specific differences in genotype are studied in rela tion to the efficacy of a given dietary intervention must first be carried out, to confirm the observed associations.
Future directions
Attention must be drawn to the role of epigenetic modi fications, such as promoter methylation, in response to diet ary macronutrients. 103 An increasing amount of evi dence suggests that various dietary components, inclu ding macronutrients and micronutrients (mainly vita mins, amino acids and some minerals) can modu late gene expression through epigenomic interactions. 104 This science is, of course, in its early stages, although it is wellestablished that epigenetic marks can be modified through diet and lifestyle interventions, 105 and are predic tive of weight loss. 103 Research must, therefore, focus on identifying epigenetic biomarkers for prediction of dis ease risk, characterizing the mechanisms of epigenetic modi fication, and developing approaches for reversing the epi genetic modifications associated with increased risks of disease. 103 Furthermore, practical, social and ethical con siderations are essential in the design of future research studies. Evidence must be accumulated through extensive, welldesigned RCTs, 27, 106 and the public perception, atti tudes and trust towards personalized nutrition should be explored and consolidated. 84, 107 Genetic tests, if handled by specialists, could facilitate the translation of scientific knowledge to the general public. However, testing alone is not enough; patients who are left to draw their own conclusions from the results are at risk of suboptimal selfadministration of dietary advice. 108, 109 Thus, it is advisable to involve health professionals in the development of individualized medi cine, specifically personalized nutrition, to establish new perspectives, identify barriers and ensure the optimum level of patient benefit. 110, 111 In this context, genetic bio markers derived from genomic studies could potentially be used for diagnosis, prediction of prognosis, treatment decisionmaking, and followup of patients receiving nutritional interventions. 112, 113 However, whether per sonalized nutrition based on genomic data will have the dramatic effect on health that researchers once predicted remains unclear. 114 
Conclusions
Generally, most trials investigating dietary macro nutrient content, distribution and restriction emphasize the bene ficial role of protein and the type as well as proportion of carbohydrates over that of lipids as important factors in weight management. However, the conflicting data from RCTs and metaanalyses regarding the effects of differ ent longterm dietary approaches on overall health need to be resolved. This situation is not helped by the pre ponderance of shortterm (≤6 months) studies. Indeed, consensus guidelines published by the American College of Cardiology, American Heart Association and The Obesity Society for management of overweight and obesity in adults 76 stress the importance of conducting further studies to confirm the optimal dietary and life style intervention for achieving sustained weight loss in adults. These guidelines also suggest that adherence to treatments is a key factor for a successful weightloss strategy, and highlight the need for intervention trials of at least 2 years duration.
Despite the expenditure of much time and effort on nutritional research, important unresolved questions (and opposing conclusions) remain. Although trends in the evidence suggest that moderately highprotein diets (<35% of total calories) and fibrerich foods should be promoted, the longterm metabolic effects of low carbohydrate diets requires thorough investigation. The utility of other important and often disregarded factors that affect weight loss, such as dietary adherence, physical activity levels and behavioural changes are also largely waiting to be addressed.
Publichealth dietary recommendations currently emphasize the broad nutritional requirements for prevent ing and reducing obesity in the general population and specific atrisk groups, such as children and adolescents, pregnant women, elderly individuals and those with rele vant diseases (such as type 2 diabetes mellitus). However, it is becoming evident that in addition to universal recom mendations promoting healthy eating habits, personal ized dietary advice will need to focus on each individual's unique circumstances, including phenotypic traits, food allergies and intolerances, likes and dislikes, environmental constraints and genetic background.
In this context, it is obvious that addressing the global obesity epidemic is likely to require a combined approach: reduced consumption of highenergyyielding foods, avoidance of sedentary lifestyles, and personalized dietary advice based upon the individual's phenotype and geno type. Opportunities for providing personalized nutritional advice are increasing along with the availability of lowcost, highthroughput analysis of genomic information. This situation is opening the door for development of commer cial, directtoconsumer genetic testing, but uncertainties in the processing and interpretation of genetic data, as well as concerns about the ethical implications, still remain. We await the development of suitable policies. 84 The importance of quality, as well as quantity of diet ary macronutrients, is beginning to be understood.
Speci fically, the types of fatty acids, amino acids and sugars present might have important effects on energy yield.
14 Indeed, proteins seem to be fuel substrates that promote thermogenesis. 35, 48 Diets rich in protein and low glycaemic index carbohydrates also improve satiety and avoid or reduce excess weight gain. 39, 48 Animal and human studies also show that fat intake is potentially linked to overeating and a positive energy balance, 44 although highfat diets do not necessarily cause weight gain, 52, 53 and low carbohydrate diets (high in protein or fat) are as effective as control or lowfat diets in weight loss treatments 35, 37, 40, 54, 68 Furthermore, the advances in bio informatics and 'omics' technologies might herald a new era in personalized medicine, although applications of epigenetic and genomewide profiling are some way from clinical implementation or global consensus.
Review criteria
A search for original articles focusing on the roles of macronutrients and interactions between genetics and dietary interventions in weight-loss studies, published between January 2003 and July 2014, was performed in the MEDLINE and PubMed databases. The search terms used were "weight loss", "obesity", "macronutrient", "protein", "sugar", "fat", "carbohydrates", "fatty acids" and "diet", alone and in combination. All articles were English-language, full-text papers, excluding reference 61. The reference lists of identified articles were also searched for relevant papers.
